Improved analysis and usage of water resources in the Taoer River basin requires an evaluation of the contributions of precipitation and human activities to runoff. In this study, we apply an integrated method combining the non-parametric Mann-Kendall trend test and the double-mass curve to analyze runoff data from 1961 to 2010. The major findings are as follows. (1) Annual runoff showed a statistically significant decrease, while precipitation showed no significant trend. (2) An abrupt change point was identified in 1998 at four representative stations, resulting in the study period being divided into pre-change and post-change periods for subsequent analysis. The double-mass curves were approximately linear in the pre-change periods, indicating that the dominant factor was probably climate change. Annual precipitation-runoff curves showed a decreasing trend from 1998, probably because of human activity. (3) The contributions of human activity to runoff in the postchange period for the four selected stations were 58.31%, 17.81%, 37.17%, and 47.66%, and the influence of human activity increased after the abrupt change point.
INTRODUCTION
Climate and human activity are important factors influencing runoff in many parts of the world (Stewart et al. ; Hanna et al. ; Guo et al. ; Li et al. a) . Climate change affects not only the environment, but also many aspects of social and economic development (Chen et al. ) , and human activity is believed to be another major cause of changes in land cover characteristics and hydrological cycles. Both factors have important implications for water resource management and the ecological and environmental protection of river basins.
Over the years, many studies (e.g. Dettinger & Cayan ) have focused on assessing runoff trends and the impact of human activity and climate variability on runoff.
Owing to the spatial variability of these impacts, studies are typically performed on a local scale (basin or sub-basin scale) (Guo et al. ) . Piao et al. () (1) analyze annual precipitation and runoff trends in the upper and middle reaches of the Taoer River basin using long time-series data from 1961 to 2010; (2) detect change points in the annual runoff time series to classify undisturbed and disturbed periods; and (3) separate and quantify the contributions of precipitation and human activity to runoff variability. The results of this study will greatly assist in the decision-making and planning of water resource managers.
STUDY AREA AND DATA

Study area
The Taoer River basin (∼45 6 0 -47
in the transitional zone of the western slope of the Song-Nen
Plain of northeastern China (Figure 1 ), has an area of approximately 4.3 × 10 4 km 2 , and a river length of 563 km.
As an important part of the Northeast China Plain, the basin is a major rice-production area, supporting a population of 3.6 million (Liang et al. ) . Based on the topography, river channel, and vegetation characteristics, the river is divided into three parts, with the Chaersen reservoir and Taonan hydrological station representing the The annual runoff and precipitation trends were estimated using the non-parametric Mann-Kendall trend test (the MK test), and the abrupt change points within the series were determined using the double-mass curve. Finally, statistical analysis was used to calculate the impact of precipitation and human activity on the upper and middle reaches of the Taoer River basin.
METHODS
In this study, a series of methods combining the nonparametric MK test, the double-mass curve, and statistical analysis were used to investigate changes in precipitation and runoff in the upper and middle reaches of the Taoer River.
Non-parametric Mann-Kendall test
The non-parametric MK test (Mann ; Kendall ) detects significant characteristics and trends in annual precipitation and runoff. For the series X ¼ x 1 , x 2 , . . . , x n f g , in which n > 10, the standard normal test statistic Z is estimated as follows:
where
where 1 t n.
The statistical Z test follows the standard normal distribution. A positive Z indicates an increasing trend and a negative Z indicates a decreasing trend. The critical value Z α=2 at the α ¼ 5% significance level of the trend test
The sum S k consists of the number r i , related to the term
For large n, under the null hypothesis H 0 of no change, S k is normally distributed around the mean and the variance is given by:
In testing the statistical significance of S k for this null hypothesis, the two-tailed significance test is used, the null hypothesis being rejected for a large value of the statistics UF k given by:
Being the normalized variable, which is the forward sequence, the backward sequence UB k is calculated using the same equation but with a reversed series of data.
When the null hypothesis is rejected ( 
RESULTS AND DISCUSSION
Trends in precipitation and runoff year by year, which may be because runoff is not only related to precipitation, but also to human activity. In recent years, with the rapid development of irrigation districts in the study area, the demand for water has been constantly increasing.
Abrupt change points in runoff
The results of the MK test for abrupt change points are also shown in Figure 2 , and indicate that abrupt changes occurred around 2000. However, the presence of multiple intersections makes it difficult to locate the exact beginning of the change points. To better locate the change points, the double-mass curve method was applied. Figure 3 shows the analyzed in 2-year intervals. The land-use-type area data in each year in the study area were obtained (Table 2) .
Taonan hydrological station is located at the outlet of the middle reaches of the basin, and the double-mass curves for precipitation and runoff for Taonan station showed the largest fluctuation range; therefore, the runoff data with the same series length as Taonan station were used to establish dynamic curves of five land use types (paddy field, forest, dry field, grassland, and bare land) and runoff over time (Figure 4 ).
According to the data in Table 2 and the dynamic curves in Figure 4 , the results in Figure 3 can be interpreted from a land use perspective. The areas of paddy field and dry field changed markedly, whereas the variation ranges of forested land, grassland, and bare land were small. From 1985 to 1995, the area of dry field increased and the area of paddy field decreased with an increase in runoff. After 1998, runoff showed a decreasing trend, and the paddy field area showed a concurrent and substantial increasing trend, whereas the dry land area showed a decreasing trend. The relationships between the areas of paddy field and dry field and runoff were similar; as the area of paddy field increased and the area of dry field decreased, runoff decreased. In contrast, as the area of paddy field decreased and the area of dry field increased, runoff increased. Before 1998, the areas of paddy field and dry field in the study area remained relatively stable, and the ranges of change were not significant.
Although there were small-scale changes from paddy field to dry field or dry field to paddy field (especially during 
Effects of precipitation and human activities on runoff
In order to separate and quantify the respective impacts of precipitation and human activity on runoff, we calculated the time series of precipitation and runoff. The study period was divided into two periods based on the abrupt change point. Under natural conditions, precipitation and runoff were correlated positively, because of the significant linear relationship before 1998, which was observed in the double cumulative curves of annual precipitation runoff.
This indicated that the changes in runoff and precipitation during this period were synchronous, and that runoff was not unduly disturbed by human activity.
Using the empirical formula method of the hydrological method, the linear regression equations of precipitation and runoff before the abrupt years in the upper and middle reaches were established, and the results of the F-test are presented in Table 3 .
From Table 3 , the correlation coefficient of the regression in Equation (4) Table 4 .
The pre-change period After 2000, the influence of human activities on the study area increased, and the influence of precipitation Notes: OR is the annual mean value of the observed runoff data (10 8 m 3 ); TR is the annual mean value of the theoretical runoff data (10 8 m 3 ); VO is the variation of the observed runoff; C P is the contribution of precipitation to runoff; CH is the contribution of human activity to runoff; CRP is the contribution rate of precipitation to runoff (%); CRH is the contribution rate of human activity to runoff (%).
impact of human activity showed a significant increasing trend in the upper and middle reaches of the Taoer River basin. Moreover, our analysis indicated that the influence of human activity was largest on the runoff at Chaersen reservoir, which is the main source of water for the irrigation district.
With the rapid development of industry and agriculture and increased water demand for human consumption, water shortages and imbalanced supply and demand remain, and seriously threaten water security and sustainable development of the study area. This study not only contributes to understanding the characteristics of water resources' change in the area, but also recommends that watershed management plans include the development of water resources in order to promote the coordination of local ecological protection and economic development.
